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We transferred the frequency of an ultrastable laser over 86 km of urban fiber. The link is composed of two
cascaded 43 km fibers connecting two laboratories, Laboratoire National de Métrologie et d’Essais-Systèmes de
Référence Temps-Espace (LNE-SYRTE) and Laboratoire de Physique des Lasers (LPL), in the Paris area. In an
effort to realistically demonstrate a link of 172 km without using spooled fiber extensions, we implemented a
recirculation loop to double the length of the urban fiber link. The link is fed with a 1542 nm cavity-stabilized
fiber laser having a sub-Hz linewidth. The fiber-induced phase noise is measured and cancelled with an all
fiber-based interferometer using commercial off-the-shelf pigtailed telecommunication components. The com-
pensated link shows an Allan deviation of a few 10−16 at one second and a few 10−19 at 10,000 seconds. © 2008
Optical Society of America
OCIS codes: 060.2360, 120.3930.
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. INTRODUCTION
he transfer of ultrastable frequencies between distant

aboratories is required by many applications in time and
requency metrology, fundamental physics, particle accel-
rators, and astrophysics. Remote clock comparisons are
urrently performed using satellites, either directly by
wo-way satellite time and frequency transfer, or indi-
ectly through the global positioning system carrier-phase
easurement. However, both methods are limited by an

nstability of 10−15 after one day of averaging time [1] and
re consequently insufficient to transfer modern cold
tom microwave frequency standards having demon-
trated a frequency stability of a few 10−16 at one day [2].

Progress on satellite-based links may lower the noise
oor to the 10−16 range at one day, and advanced space
issions such as Atomic Clocks Ensemble in Space

ACES) [3] and T2L2 [4] are being designed to make com-
arisons in the high 10−17 at one day. However, even if
chieved, such performance would be insufficient for the
ext generation of optical clocks. Optical clocks using a
rapped single ion or cold atoms confined in lattice are ex-
ected to reach an instability level of 10−17 or better at
ne day and will consequently require even more stable
requency transfer systems [5,6]. Moreover, the assets of
he accuracy and stability of the optical clock are critically
elated to an efficient way to compare remote clocks with

short averaging time. Beyond metrology, high-
esolution clock comparison is essential for advanced
ests in fundamental physics, such as tests of fundamen-
al constants stability [7].

To overcome current space link limitations, the trans-
0740-3224/08/122029-7/$15.00 © 2
ission of frequency standards over optical fiber has been
nvestigated for several years [8]. This technique takes
dvantage of the fact that fiber has low attenuation, high
eliability, and the potential for phase noise cancellation.

Microwave frequency transmission using amplitude
odulation of an optical carrier has demonstrated an in-

tability as low as 2�10−18 at one day over 86 km [9–11].
irect optical frequency transfer [12–15] can provide even
etter stability and can be extended to a greater distance.
ndeed, optical frequency transfer is less sensitive to link
ttenuation owing to heterodyne detection. In addition,
he higher carrier frequency gives much better resolution
or measuring link-induced phase noise. In 2007, two pio-
eering experiments of optical frequency transfer over a
ber link of more than 200 km were reported [13,14].
oth experiments used fiber spool extension of an urban

ink and demonstrated the feasibility of a full optical link
ith instability in the 10−18 range. Since 2007 several
erman research laboratories have been connected by
000 km of dedicated fiber from the national research
etwork, and stabilization of the link is under develop-
ent [16]. These are the first milestones towards

ontinental-scale fiber links.
In this paper we report the transmission of a sub-Hz

inewidth optical frequency reference over an 86 km
ength, which we doubled in a second step to an extended
ength of 172 km through a recirculation loop. After the
escription of the cavity-stabilized laser used to test the
ink, we present the scheme of the link-induced phase
oise compensation system. The frequency stability per-
ormance of an 86 km urban fiber link is then reported
008 Optical Society of America
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nd, finally, the link length is extended to 172 km and
haracterized.

. LASER SOURCE
wo identical ultralow noise laser sources have been de-
eloped using 1542 nm 1–2 kHz linewidth commercial fi-
er lasers stabilized on two identical ultrastable cavities
y the Pound–Drever–Hall method [17]. The cavity con-
ists of a 10 cm ultralow expansion (ULE) glass spacer
nd two optically contacted ULE mirrors, giving a mea-
ured finesse of �800,000. The cavity, specially designed
o minimize the vibration sensitivity in all spatial direc-
ions [18], is mounted horizontally and sits on four Viton
ads. It is placed in a vacuum chamber with pressure be-
ow 10−7 mbar, and the entire system is on a vibration-
solation platform in an acoustical isolation box. About

�W of optical power, including �30% in the phase
odulation sidebands, are typically sent onto the cavity
ith a coupling efficiency better than 60%. A 350 kHz
andwidth locking is achieved using a double-pass
cousto-optic modulator with a cat’s-eye retroreflector.
he stabilized output of the laser can provide up to
0 mW of optical power.
To measure the laser frequency noise power spectral

ensity, the two independent cavity-stabilized lasers are
ixed on a photodetector, and the down-converted beat-
ote signal is measured with a dynamic signal analyzer
fter frequency-to-voltage conversion. The phase noise
ower spectral density of the laser is presented in Fig. 1.
xcept for some spurious peaks between 40 Hz and
00 Hz, it is largely below the phase noise of a 1 Hz line-
idth white frequency noise laser (dashed line in Fig. 1).
he integrated phase noise from 1 Hz to 10 kHz is below
.2 rad rms. The fractional frequency instability (Allan
eviation) was also calculated from the frequency-counted
eat-note signal and was found to be less than 2�10−15 at
s and 10−14 at 100 s after a 0.3 Hz/s drift was removed.

. COMPENSATED LINK SETUP
igure 2 shows the scheme of the compensated link based
n the principle first described in [19]. The ultrastable la-

ig. 1. Phase noise power spectral density versus Fourier fre-
uency of the stabilized laser (dotted curve) and of a 1-Hz line-
idth white frequency noise laser (dashed line).
er light is divided into two parts using a fiber coupler.
ne arm provides the reference signal for stability mea-

urement and fiber-induced phase noise compensation,
hile the other arm is connected to the link through an
ptical circulator (OC) followed by acousto-optic modula-
or AOM1 (with frequency f1�40 MHz). To compensate
or the phase noise �p accumulated along the fiber due to
coustical, mechanical, and thermal perturbations, part
f the signal at the remote end is retraced to the link
hrough an optical circulator after frequency shifting by
cousto-optic modulator AOM2 (with frequency f2
70 MHz). This return signal, which passes twice

hrough the link and experiences a phase noise 2�p, is
ixed at the local end with the reference signal on photo-

iode PD1. The beat note at frequency 2f1+ f2 is phase-
ocked to a stable rf synthesizer using AOM1 driven by a
oltage-controlled oscillator. The phase-lock loop applies
he correction �c=−�p to the AOM1 frequency f1, thus to
he optical signal phase, and consequently actively can-
els the fiber-induced phase noise at the remote end of the
ber link. To magnify the dynamic range of the servo loop
nd hence improve its robustness, a divide-by-40 digital
requency divider has been used just ahead of the phase
etector. The optical frequency (phase) instability of the
ink is defined as the difference between the local and re-

ote end optical frequencies (phases). It is measured on
he beat-note at frequency f1+ f2 provided by mixing the
ingle trip and the reference optical signals on photodiode
D2. Two polarization controllers are employed for opti-
izing the beat-note signal amplitudes. The compensa-

ion system is entirely fibered and uses only commercial
ff-the-shelf pigtailed telecommunications components.

. TRANSMISSION OVER 86 KM
PL and LNE-SYRTE, located in the Paris area, are

inked by a pair of 43 km telecommunication fibers. Each
ber is composed of various sections of buried cables of
he metropolitan network that are spliced together. The
ttenuation of each fiber is about 12 dB. By connecting

ig. 2. (Color online) Full scheme of the optical frequency trans-
er over fiber; AOM, acousto-optic modulator; PD, photodiode;
LL, phase-locked loop; PC, polarization controller, OC, optical
irculator; RF synth, radio-frequency synthesizer.
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he two ends of the fibers at LPL, the link length is ex-
ended to 86 km, with the local end and the remote end
oth located in LNE-SYRTE.
Figure 3 shows the 86 km link optical phase noise

ower spectral density, without and with compensation.
he beat note provided by PD2 is frequency-divided by 40
nd down-mixed to dc, and the phase noise power spectral
ensity is then measured with a dynamic signal analyzer.
t exhibits a roughly 1/ f2 roll-off from 1 Hz to 100 Hz,
ith a wide bump between 10 Hz and 100 Hz and 1/ f4 be-
avior above 100 Hz. The integrated phase noise from
Hz to 1 kHz is equal to 19.2 rad and 0.4 rad (rms), with-

ut and with compensation, respectively (corresponding
o 15 fs and 0.3 fs rms timing jitter). Beyond 1 kHz, the
hase noise rolls down to the measurement system floor
nd is negligible. The 0.4 rad (rms) corresponds to 85% of
he optical power in the carrier. The phase noise of the
ransmitted laser is only slightly degraded by the trans-
er, and the laser coherence time is therefore preserved at
he output of the compensated link. This is an important
oint for applications requiring distribution of narrow
inewidth sources.

Laser phase noise can corrupt the link-induced phase
oise measurement. Indeed, two optical signals coming

rom the same source but delayed by 430 �s (due to the
6 km propagation in the fiber) are mixed on PD2. This
enerates a delayed self-heterodyne interferometric
hase noise on the beat-note signal [20] due to the laser
hase noise, in addition to the link-induced phase noise to
e compensated. This additional phase noise contribution
an be calculated from the laser phase noise (shown in
ig. 1) and is displayed in Fig. 3(c). It shows that the laser
hase noise is sufficiently low and does not limit the per-
ormance of the stabilization.

Figure 4 displays the experimental fiber-induced opti-
al phase noise rejection for the 86 km link versus the
ourier frequency calculated by dividing the phase noise
ower spectral densities of the compensated and uncom-
ensated links. We have performed the Laplace domain
nalysis of the compensation scheme and obtain an ana-
ytical expression of the rejection transfer function

ig. 3. (Color online) Phase noise power spectral density of (a)
he free-running link, (b) compensated 86 km link, and (c) de-
ayed self-heterodyne beat note. Dashed line represents the
hase noise of a 1-Hz linewidth laser.
dashed line in Fig. 4) [21]. This analysis reveals that the
ptimum proportional gain is about the inverse of the link
ingle-trip time (2300 for an 86 km link) and that the re-
ection frequency bandwidth is limited to 1/4ttrip
�600 Hz� where ttrip is the one-way trip delay in agree-
ent with [14]. Moreover, this analysis shows that the in-

egrator used in the phase-lock loop improves rejection
nly in a limited frequency range. Indeed, as already
ointed out in [14], at low frequency the rejection is lim-
ted by the link delay and scales as �f . ttrip�2 (dotted line in
ig. 4) independent of the loop gain. Our calculations are

n good agreement with the measurements as shown in
ig. 4.
For long-term frequency stability characterization, the

llan deviation is the most common tool and is typically
btained by use of frequency counter measurements. The
riginal Allan deviation defined in [22] can only be calcu-
ated from frequency samples obtained with a classical, or
-type, counter using a uniform average over the mea-
urement gate time. Indeed, modern enhanced-resolution,
r �-type, counters have been shown to lead [23], not to
he classical Allan deviation, but to a quantity propor-
ional to the modified Allan deviation [24]. Consequently,
e measure the classical Allan deviation of the fractional

requency instability introduced by the link with a four-
hannel �-type frequency counter. This counter is dead-
ime free in order to avoid bias in the calculation of the
llan deviation [25]. We simultaneously measure the fre-
uency instability of the compensated link and the fre-
uency instability of the compensation signal (at the
oltage-controlled oscillator output), which represents the
ree-running fiber frequency noise. The beat-note between
he remote end and local end optical signals provided by
D2 is frequency-divided by 40 and band-limited by a

racking filter based on a low-noise quartz oscillator giv-
ng a measurement bandwidth of �10 Hz. This band-
idth is larger than the inverse of the gate time.
Figure 5 shows the fractional frequency-overlapping Al-

an deviation of the 86 km link with and without compen-
ation for several days of continuous operation. The Allan
eviation scales down with a 1/� slope from 1 s to 100 s.
he bump at 250 s, which corresponds to the half-cycle

ime of the air-conditioning system, is due to thermal ef-

ig. 4. (Color online) Fiber noise rejection for 86 km link, ex-
erimental data (jagged curve) and analytical data with propor-
ional gain equal to 2300 and integrator gain equal to 50 (dashed
urve). Dotted line represents the delay-induced rejection floor.
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ects in the sections of the interferometric system that are
ot actively compensated. After 1000 s of averaging time,
he Allan deviation levels off in the low 10−19 range, prob-
bly also limited by the uncompensated section of the sys-
em. Without filtering, the Allan deviation is 10 times
igher. This is consistent with the fact that the Allan de-
iation of a white phase noise is proportional to the
quare root of the noise bandwidth.

. TRANSMISSION OVER 172 KM
revious extended-link results have been demonstrated
y adding spooled fiber to an urban link [13–15]. To simu-
ate a longer link with a more realistic phase noise, we de-
ised a new scheme, represented in Fig. 6, to pass twice
hrough the 86 km link leading to a full urban link of
72 km. The optical signal is fed into the 86 km link
hrough an optical coupler. At the end of the 86 km link, a
frequency shifter mirror” is connected. This mirror con-
ists of a unidirectional loop based on an optical circulator

ig. 5. (Color online) Fractional frequency instability of the
6 km free-running link (triangles) and compensated link
squares) versus averaging time. The measurement frequency
andwidth is 10 Hz.

ig. 6. (Color online) Scheme of the 172 km link (EDFA, see
ext; AOM, PD, see Fig. 2).
nd an acousto-optic modulator. An erbium-doped fiber
mplifier (EDFA1) with a 17 dB gain is also implemented
n order to compensate for losses resulting from recircu-
ation (12 dB due to the double-pass combiner losses, 5 dB
ue to the optical circulator and AOM2 losses). As a re-
ult, this is equivalent to a 172 km span link without in-
ermediate optical amplifier, and the resulting phase
oise is similar to the noise of a real 172 km telecom net-
ork link. A second optical amplifier (EDFA2) was added
t the remote end to amplify the return signal. Tempera-
ure variations in EDFAs induce phase fluctuations,
hich degrade the long-term frequency stability. In order

o correctly compensate for this effect, the output optical
ignal should pass once through the EDFAs, whereas the
ound trip signal should pass twice. This is naturally the
ase for EDFA1 but not for EDFA2. This is overcome by
dding a recirculation loop around EDFA2. AOM3 is in-
erted in this loop to easily identify the output and round-
rip signals. At the output of PD1 the beat-note signal at
requency 2�f1+ f2�+ f3+ f4 is appropriate for link compen-
ation, while at the output of PD2 the beat-note signal at
1+ f2 is used to derive the link stability (fi is the fre-
uency of the AOM i). This setup could be simplified by
sing a bidirectional EDFA.
Figure 7 displays the 172 km link phase noise power

pectral density, without and with compensation. As ex-
ected, the correction bandwidth is half the one obtained
or the 86 km link due to a double roundtrip delay. More-
ver, at low frequency, the fiber-induced phase noise rejec-
ion is 4 times lower than with the 86 km link, in agree-
ent with the delay-limitation effect discussed in Sec. 4.
he integrated phase noise from 1 Hz to 1 kHz is equal to
3 rad and 2.4 rad (rms) without and with compensation,
espectively.

Figure 8 shows the fractional frequency instability of
he 172 km link. The Allan deviation is about 4�10−16 at
s and in the range of 10−19 at 1 h with a 10 Hz measure-
ent bandwidth. The system floor is measured by replac-

ng the urban fiber with an optical attenuator having the
quivalent attenuation.

In addition to data obtained with a �-type counter we
ave used a �-type counter, without the 10 Hz filter, to al-

ig. 7. (Color online) Phase noise power spectral density of (a)
he free-running link and (b) the compensated 172 km link.
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ow comparison with the results of [14,15] obtained with
6 km of urban fiber, 175 km of spooled fiber, and four in-
ine EDFA. To avoid dead time, the gate time of the
ounter was set equal to the averaging time for an aver-
ging time of �100 s. Data obtained with �-type counter
re shown by the star points in Fig. 8. They are better
han with a �-type counter, owing to an additional filter-
ng of the phase noise. The Allan deviation is calculated
or every averaging time with the classical formula and
ot with the modified Allan deviation (as in reference
14,15] for an averaging time of �10 s). Indeed, when
riginal Allan deviation formula is used, �-type counters
eport directly a quantity similar to the modified Allan de-
iation. For comparison, use of the modified Allan devia-
ion would lead in our case to a reduction factor of 2/3 on
he Allan deviation for averaging time above 100 s. Re-
ults are found similar to the data presented in [14,15].
ata obtained with longer averaging times show that fre-
uency instability keeps falling off until 5000 s and reach
�10−19 with the �-type counter at 3000 s.
Comparison between the two configurations is not

traightforward. First, the link–noise process is not time-
tationary due to urban environmental fluctuations.
oreover, when the length of the fiber is virtually doubled

y the recirculation technique, the phase noise power
pectral density of the free-running link is twice that of a
ingle-pass double-length fiber, as detailed below.

Under the assumption that the fiber phase noise is spa-
ially distributed uniformly, the phase noise power spec-
ral density is proportional to the length of the fiber. How-
ver, with the recirculation technique the laser wave
xperiences twice the phase fluctuation at each point of
he fiber. These two contributions of each point are corre-
ated for times longer than the single span fiber delay
fiber; they therefore add up coherently. Consequently, for
ourier frequencies below 1/4tfiber, the phase noise power
pectral density of a 2L km link realized by recirculation
s expected to be four times that of a L km fiber. One can
herefore anticipate that the phase noise power spectral

ig. 8. (Color online) Fractional frequency instability of the
72 km free running link (triangle), compensated link with
0 Hz measurement bandwidth (squares), and with � type
ounter (stars). Empty triangles correspond to the experimental
etup floor (see text).
ensity for the recirculated link is twice as large as would
e expected for a real link of 172 km. Consequently, the
tability results obtained for the recirculated link should
e considered as an upper bound for a real link of the
ame length.

. DISCUSSION
t is conceivable to extend the length of the link up to con-
inental scales of 1000 km or more. In a single-segment
pproach, however, major difficulties will arise. First, fi-
er attenuation will make mandatory inline bidirectional
mplifiers in order to provide sufficient power at the out-
ut end and allow phase-locking at the local end. As dis-
ussed in Sec. 5, bidirectional amplifier phase noise is
ancelled within the control bandwidth. However, with
ascaded amplifiers, amplified spontaneous emission can
e very large and will require the use of narrowband op-
ical filters to overcome a significant degradation of the
ignal-to-noise ratio at both ends [14,15]. Second, the re-
uced bandwidth of the servo loop and the reduced noise
ejection level, both due to the delay effect (see Section 4),
ill degrade the performance of the transmission. We
ave empirically observed that the phase noise exhibits a
/ f2 dependence in the free-running link. Assuming a lin-
ar dependence of the phase noise power on the length of
ink L, the Allan deviation scales as L3/2 [14,15]. One
ould hence expect an Allan deviation below 10−14 at 1 s
or a 1000 km single segment link in a 10 Hz measure-
ent bandwidth, averaging down as 1/� to the noise floor

f the system.
An alternative approach is to split the long-distance

ink in shorter compensated segments using intermediate
tations. Each one will achieve three functions: to send
ack part of the received signal to the previous station, to
mplify (and filter if necessary) the received signal, and to
ompensate the phase noise induced by the following seg-
ent. The maximum distance of each segment will de-

end on the fiber phase noise distribution, attenuation,
nd the total link length. This multiple segment approach
llows for an increased correction bandwidth and en-
ances the resolution of the system. This would enable
uch better performance down to a level where the coher-

nce of the laser itself can be transferred, as demon-
trated in Section 4.

Beside the limitations due to the length of the link, an-
ther possible source of transmission degradation is re-
ated to spurious back-reflections, which always occur in a
ber system. They are due to connector interfaces (typi-
ally −40 dB to −60 dB), Rayleigh backscattering (typi-
ally −40 dB with SMF fiber), and splicing points. These
ffects can be enhanced when online bidirectional ampli-
ers are used. However, optical frequency transfer over fi-
er is not sensitive to single back-reflection as back-
eflected waves do not receive the correct frequency
ffsets from the AOMs in our scheme and are conse-
uently easily discriminated. This is not the case when
ouble back-reflections are considered. Double back-
eflected waves lead to additional phase and amplitude
oise that is proportional to the fraction of the optical
eld that is double back-reflected. Since double back-
eflections occur identically on the way there and on the
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ay back, the double back-reflection optical phase noise is
lso cancelled by the compensation system. Consequently,
ack-reflections, even strong ones, do not limit the stabil-
ty of the link.

. CONCLUSION
e have demonstrated a long-distance link for metrologi-

al optical frequency transfer using optical phase stabili-
ation over a dedicated fiber that lies buried beneath the
rban environment of Paris, France. Frequency transfer
as demonstrated with an instability of 1.5�10−16 at 1 s
nd integrates down to the range of 10−19 at 500 s over
6 km. We have simulated a link of twice this distance via
ecirculation in the fiber to represent the phase noise of a
72 km urban link. It shows an instability of 4�10−16 at
s and a few 10−19 at 10,000 s, which is better than the

nticipated performance of optical clocks.
To broaden the use of this technique to more users and

each longer distances, an appealing solution is to use the
xisting research and education optical communication
etworks as well as commercial ones that connect a large
umber of physics laboratories. This will require address-

ng several difficulties. For instance, such a link will have
o coexist with telecommunication traffic via the use of
avelength division multiplexing. Another crucial point is

hat fibers in classical optical telecommunication net-
orks are used in a unidirectional way, whereas the com-
ensation technique will require bidirectional operation.
et one more significant hurdle is that restricted access to
he fiber network infrastructure will require the design of
n ultrastable link that functions in a virtually flawless
ashion. We are currently developing solutions to make
he frequency transfer technique and the optical commu-
ication networks compatible, in particular to bypass uni-
irectional optical amplifiers and to allow the transparent
oexistence of the ultrastable signal and the data modu-
ated signal. This is the next challenging step towards a
etwork for ultrastable frequency transfer.
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